We evaluated ocular surface alterations in allogeneic hematopoietic stem cell transplantation (HSCT) recipients with or without chronic GVHD-related dry eye in a prospective study. Fifty eyes of 25 post-HSCT patients and 28 eyes of 14 age-matched healthy controls were included. Meibomian gland (MG) obstruction, tear evaporation rate, corneal sensitivity (CS), Schirmer test-I, tear break-up time (BUT) and ocular surface vital staining were examined. Conjunctival impression and brush cytology specimens were collected to evaluate the goblet cell density (GCD) and the inflammatory cell numbers. Obvious MG obstruction, decreased CS and enhanced tear evaporation rate were found in post-HSCT patients compared with normal controls. In addition, decreased conjunctival GCD, increased conjunctival squamous metaplasia and inflammatory cells were noted in cGVHD-related dry eyes compared with normal controls and post-HSCT without dry eye subjects. Furthermore, the conjunctival inflammatory cells were significantly higher in severe dry eyes compared with mild dry eyes (P ¼ 0.03). We found comprehensive ocular surface alteration in post-HSCT patients, regardless of whether they had cGVHD-related dry eye or not. The results suggest that the extent of inflammatory process seems to have a pivotal role in the outcome of the cGVHD-related dry eye.
Introduction
Chronic GVHD is a major complication of allogeneic hematopoietic stem cell transplantation (HSCT). 1 Ocular surface is one of the target tissues of cGVHD. About 50% of patients develop dry eye or experience a worsening of the pre-existing dry eye after HSCT. 2 Dry eye is a distinctive sign and symptom for the diagnosis of cGVHD. 1 However, the pathogenesis of dry eye associated with cGVHD is still unclear, and effective treatments have not yet been established. 3 Pathogenic studies of dry eye associated with cGVHD depend on the lacrimal gland and conjunctival biopsy. [4] [5] [6] It is impossible to follow the alterations of the ocular surface pathologic process after HSCT by repeated biopsy. On the other hand, impression cytology and brush cytology are widely used methods to evaluate the ocular surface pathologic changes. 7 They are noninvasive, repeatable, and useful in following the changes in the ocular surface. 8, 9 However, there are few reports on impression cytology changes and brush cytology characteristics in patients with cGVHD-related dry eye. 10 On the other hand, the conditioning regimen including total body irradiation and high incidence of meibomian gland dysfunction (MGD) in post-GVHD patients contributes to the ocular surface and tear function changes.
However, there is no report comparing the tear functions and ocular surface alterations between post-HSCT patients with or without dry eye. In a previous study, 2 we noticed there were two types of dry eye after HSCT. One had severe ocular surface and tear function damage with decreased reflex tearing that occurred soon after the onset of dry eye, whereas the other was mild with normal reflex tearing. There are no data comparing the ocular surface and tear function differences between these two types of dry eye.
Patients and methods

Patients
Fifty eyes of 25 patients who underwent HSCT were enrolled at the dry eye clinic at Keio University from January 2006 to December 2006. Included were 20 eyes of 10 patients (5 males and 5 females; range, 30-66; median, 50 years) with cGVHD-related severe dry eye, 20 eyes of 10 patients (6 males and 4 females; range, 37-62; median, 51 years) with cGVHD-related mild dry eye and 10 eyes of 5 patients (3 males and 2 females; range, 39-50; median, 45 years) without dry eye. All the patients had no previous conjunctival or corneal disease or infections or other ocular disease at clinical examination. Twenty-eight eyes of 14 healthy subjects (10 males and 4 females; range, 20-70; median, 39 years) were also recruited as normal controls. The control subjects did not have any history of ocular or systemic disease or a history of topical eye drops or contact lens use that would alter the ocular surface as well. According to the global diagnostic criteria of dry eye, and the severity grading of the Dry Eye Workshop Report 2007, 11, 12 we diagnosed the patients as having dry eye when patients had any sign of tear film instability (tear break-up time (BUT) p5 s, Schirmer test p5 mm), any abnormality of the ocular surface (Rose Bengal score X3, Fluorescein score X1) and/or symptoms of ocular irritation. Severe dry eye was defined as previously described 2, 13 In brief, patients were diagnosed as having severe dry eye if the Schirmer test with nasal stimulation (reflex tearing) was p10 mm, and the FS and RB scores were X3 points and/or grade 3 and 4 according to the DEWS report 2007. The study was carried out in accordance with the principles of the Declaration of Helsinki. Informed consents and ethics board reviews for the examination procedure were obtained.
Clinical examinations
The ocular surface was examined by the double vital staining method. Two microliters of a preservative-free combination of 1% Rose Bengal and 1% fluorescein was instilled in the conjunctival sac by a micropipette. 14 The staining of Rose Bengal was scored for the temporal and nasal conjunctiva and the cornea, on a scale of 0-3 points. Fluorescein staining score also ranged between 0 and 9 points, but only for the cornea. 15 The BUT value was measured three times at the time of double staining, and the mean value was used for calculation. Schirmer 1 test was performed with standardized strips of filter paper (Alcon Inc., Fort Worth, TX, USA). To evaluate the obstruction of the MG orifice, digital pressure was applied on the tarsus. The expression of meibomian secretion (meibum) was scored as follows: 16 grade 0, clear meibum is easily expressed; grade 1, cloudy meibum is expressed with mild pressure; grade 2, cloudy meibum is expressed with more than moderate pressure; and grade 3, meibum cannot be expressed even with hard pressure.
Tear evaporimetry
The tear evaporation was measured with the evaporimeter (KAO Corporation, Tokyo, Japan). 17 Briefly, the eyecup of the evaporimeter tightly covered the subject's eye, and then the device measured the tear evaporation rate in both eyesclosed and eyes-open conditions. In this way, we can eliminate the evaporation from the eyelid. The computer system calculated the difference between these two conditions and gave the tear evaporation rate. The unit of tear evaporation rate is 10 À7 g/cm 2 s.
Corneal sensitivity
Measurement of corneal sensitivity (CS) was performed using a Cochet-Bonnet aesthesiometer. The measurements were begun with the nylon filament fully extended. The tip of the nylon filament was applied perpendicularly to the surface of the cornea making certain not to touch the eyelashes and was pushed until the fiber's first visible bending. The length of the fiber was gradually decreased until a blink reflex was observed. The length was recorded in units of millimeters. Measurements were taken from the central cornea and the mean of the measurements was recorded as the CS reading of that eye.
18,19
Conjunctival impression cytology The impression cytology samples were obtained under topical anesthesia with 0.4% oxybuprocaine. A piece of cellulose acetate filter paper (Millipore HAWP 304, Bedford, MA, USA) was put on the temporal bulbar conjunctiva and gently pressed by forceps for several seconds. The specimens were fixed with 10% formalin neutral buffer solution and stained with Periodic AcidSchiff (PAS). Five nonoverlapping areas of Â 400 magnification were randomly selected and photographed. The goblet cell density (GCD) was reported as cells per square millimeter. The conjunctival epithelial squamous metaplasia was evaluated according to Nelson's grading scheme. 20 
Conjunctival brush cytology
The brush cytology samples were collected after administration of topical anesthesia with 0.4% oxybuprocaine. The central upper palpebral conjunctiva was gently brushed seven times with a disposable dental brush 1.5 mm in diameter (Dentalpro, Jacks. Co., Osaka, Japan). After sampling, the brush was immediately put in 1 ml of Hank's solution and shaken several times to detach the cells from the brush. The suspended cells were centrifuged with cytocentrifuge at 700 r.p.m. for 10 min to make the monolayer cell smears. The slides were stained by diff-quick staining. We counted up to 500 cells including inflammatory cells and epithelial cells in nonoverlapping fields under microscopic observation (magnification, Â 400). The inflammation was reported as the number of inflammatory cells in the total number of 500 brush cells. 10 
Statistical analysis
The data were analyzed by Instat (GraphPad Software, San Diego, CA, USA). Mann-Whitney U-test was used to compare the onset duration of dry eye. Kruskal-Wallis H-test was used for the comparisons of clinical examination parameters, tear evaporation rates, GCD, conjunctival squamous metaplasia, and inflammatory cell amount. The probability level of 5% was chosen as the statistical significance.
Results
Demographic characteristics
Patients' demographic characteristics were summarized in Table 1 . The onset of dry eye in cGVHD-related severe and mild dry eye was 6.8 ± 2.5 and 13.2 ± 9.1 months, respectively, after HSCT. The onset of dry eye in the severe dry eye group was significantly earlier than the onset in the mild dry eye group (P ¼ 0.02). Nine out of 10 severe dry eye patients had systemic cGVHD, but only 3 in 10 mild dry eye patients had systemic cGVHD.
Clinical examination parameters
The baseline scores of CS, ocular surface vital staining and tear function were summarized in Table 2 . Obviously decreased CS was found in post-HSCT patients either with or without dry eye, but statistically significant decrease was found only in the severe dry eye group. Although the mean CS in the severe dry eye group was considerably lower than those with mild dry eye and post-HSCT without the dry eye groups, there was no statistically significant difference among the three groups. Obvious MG orifice obstruction (grade 41) was noted in 40 of 50 eyes of the post-HSCT patients as shown in Table 3 . MG orifice obstruction degree in post-HSCT patients was statistically higher than normal controls, but there was no significant difference between the three post-HSCT groups. 
Abbreviations: AA ¼ aplastic anemia; cGVHD ¼ chronic GVHD; F ¼ female; HSCT ¼ hematopoietic stem cell transplantation; M ¼ male; MDS ¼ myelodysplastic syndrome; MM ¼ multiple myeloma; NHL ¼ non-Hodgkin lymphoma. and 5.98±3.61 Â 10 À7 g/cm 2 s, respectively. Although the mean tear evaporation rate in mild dry eye and post-HSCT without dry eye patients was higher than in normal controls, statistically increased tear evaporation was found only in cGVHD-related severe dry eye patients (Po0.001).
Conjunctival impression cytology
Conjunctival specimens from normal controls and post-HSCT without dry eye subjects showed plenty of goblet cells and mucin pick up (Figure 1 ). The goblet cell densities in these two groups were 1313.13 ± 733.82 and 1030 ± 433.14 cells/mm 2 . The mean GCD in the cGVHDrelated mild and severe dry eye groups was 706.49±583.52 and 396.36 ± 381.00 cells/mm 2 . Both were obviously lower than the former two groups without dry eye (Table 4) . Moreover, significant conjunctival epithelial squamous metaplasia was noted in severe dry eye patients. The mean grades of squamous metaplasia in normal control, post-HSCT without dry eye, and mild dry eye groups were 0.70±0.46, 0.71±0.52, and 0.72±0.56, respectively. There was no statistical difference among the three groups. However, the average grade of squamous metaplasia in severe dry eye subjects was 1.61±0.72, which was significantly higher than that in the other three groups (Table 4) . Except decreased GCD, the PAS staining also showed inflammation in some impression cytology specimens from the cGVHD-related severe dry eye and mild dry eye patients (Figures 2 and 3 ). In addition, the PAS staining also indicated the intense inflammatory cell infiltration that frequently appeared with the abnormal mucin conglomeration.
Brush cytology
There was no inflammatory cell in the brush cytology specimens from normal controls. In contrast, a different extent of inflammatory cell infiltration was found in the specimens from post-HSCT patients (Figure 4) . The mean number of inflammatory cells in 500 brush cells in post-HSCT without dry eye, mild dry eye, and severe dry eye specimens were 5.44±6.04 cells, 14.64±9.75 cells, and 22.64±11.69 cells, respectively. The mean inflammatory cell numbers in both cGVHD-related mild and severe dry eye specimens were significantly higher than in normal controls and post-HSCT without the dry eye group (Po0.001). Moreover, the inflammatory cell number in the severe dry eye group was statistically higher than in the mild dry eye group (P ¼ 0.03).
Discussion
In this study, we evaluated the detailed baseline profiles of ocular surface and tear function alterations in post-HSCT patients with or without dry eye disease. We found obviously decreased CS in post-HSCT subjects either with or without dry eye disease. Although the reduction of CS in severe dry eye patients seemed to be more prominent, there were no statistical differences compared with post-HSCT without dry eye and mild dry eye patients. A reduction of CS has been reported in dry eye patients. 18, 19 We also noted decreased CS in cGVHD-related dry eye patients in our previous study. 3 Considering the conditioning regimens before HSCT, such as total body irradiation, which includes orbital irradiation, we thought decreased CS in cGVHD-related dry eye patients may not be because of the dry eye pathologic process. Therefore, we recruited post-HSCT without dry eye subjects in this study. According to the present results, decreased CS was obvious even in post-HSCT without dry eye patients. Our study suggested that the conditioning regimens before HSCT may be more responsible for the decreased CS in cGVHD-related dry eye disease.
Moreover, increased MG obstruction grade was found in post-HSCT both with and without dry eye patients. Consistent with this, an increased tendency in the tear evaporation rate was noted in post-HSCT patients. However, the statistical increase was found only in the severe dry eye patients. MGs produce lipid material that spread and cover the ocular surface during the blink to keep the tear film stable and to reduce the tear evaporation. The dysfunction of the MG can induce evaporative dry eye. 21 On the other hand, decreased tear production can also cause an increase in the tear evaporation rate. 22 Taken together, these findings suggest that increased MGD in post-HSCT patients cause enhanced tear evaporation in both groups of patients with or without dry eye, and enhanced tear evaporation acting together with the decreased tear production, induced the enhancement of ocular surface changes and tear function changes in cGVHD-related severe dry eye patients. In our previous study, 2 we noticed the fact that there were two types of dry eye after HSCT. One had severe ocular surface and tear function alterations with decreased reflex tearing, which occurred soon after the onset of dry eye. Another was mild with normal reflex tearing. In this study, we performed a further comparison about the difference between these two types of dry eye. We found that the onset of cGVHD-related severe dry eye was obviously earlier than that of mild dry eye. In our patients, severe dry eye occurred around 6.8±2.5 months after HSCT, but the onset of mild dry eye was around 13.2 ± 9.1 months after HSCT. There was one patient in whom the mild dry eye occurred 3 years after the HSCT. Moreover, most severe dry eye patients had systemic cGVHD, whereas only a few patients in the mild dry group had systemic cGVHD. Those findings indicated the different pathologic processes in cGVHD-related severe and mild dry eye disease.
For further comparison, we performed conjunctival impression cytology to evaluate the alterations and differences in GCD and squamous metaplasia in these two types of dry eye disease. GCD and squamous metaplasia are two parameters that were widely used to evaluate the ocular surface epithelial condition in dry eye and other ocular surface disease. 18, 23, 24 In addition, goblet cell content has been reported to be a sensitive indicator of primary ocular surface disease. 25, 26 However, the report concerning the conjunctival impression cytology characteristics in cGVHD-related dry eye disease was still rare. 8 In this study, we found that both cGVHD-related mild and severe dry eye specimens showed significantly decreased GCD compared with normal controls and post-HSCT without dry eye specimens. Moreover, the mean GCD in severe dry eye patients was only about half of the density in mild dry eye patients with decrease in goblet cell numbers along with increased squamous metaplasia and keratinization of the ocular surface. 27 In cGVHD-related mild dry eye, although the GCD decreased, there was no obvious squamous metaplasia. However, high grades of squamous metaplasia with a further decrease in goblet cell numbers were found in severe dry eye patients. On the basis of these findings, we confirmed GCD to be a sensitive indicator for evaluating the extent of cGVHD-related dry eye disease. Except for decreased GCD and squamous metaplasia, some impression cytology specimens from cGVHD-related dry eye patients showed inflammatory cell infiltration in the conjunctival epithelium. These intense inflammatory areas often appeared in the area with clustered abnormal mucin. It indicates that the inflammation process involves the pathologic changes of cGVHD-related dry eye, which may influence the secretion and physiological characteristics of the ocular surface mucin.
For revealing the inflammation status in cGVHD-related dry eye disease and comparing the inflammation extent between cGVHD-related severe and mild dry eye disease, we collected the conjunctival brush cytology specimens and calculated the amount of inflammatory cells. We found considerably increased inflammatory cell numbers in both cGVHD-related severe dry eye and mild dry eye patients compared with normal controls and post-HSCT without dry eye subjects. Moreover, the number of inflammatory cells in severe dry eye specimens was significantly higher than in mild dry eye specimens. Recently, increased evidence suggests that dry eye is an inflammation-related disease. 28 Our previous study also found many inflammatory markers expressed in biopsy samples of the conjunctiva and lacrimal gland from cGVHD-related dry eye patients. [4] [5] [6] The present findings confirm that inflammation is involved in the pathogenesis of cGVHD-related dry eye. Moreover, our results suggest that the extent of Figure 2 Representative conjunctival impression cytology specimens from a 37-year-old male, cGVHD-related mild dry eye patient. Note decreased goblet cell number (black arrow), and the conjunctival epithelium has no obvious keratinization. Periodic acid-Schiff (PAS) staining, magnification, Â 400. inflammation may be responsible for the different extent of pathologic damage in cGVHD-related mild and severe dry eye disease. As the time we collected the brush cytology and impression cytology samples was relatively far from the onset of the dry eye, it is hard to distinguish whether the inflammation is the consequence or a cause of cGVHDrelated dry eye. However, these two techniques are relatively noninvasive and repeatable examinations. They are very suitable to monitor the dynamic changes of the ocular surface epithelium and inflammation after HSCT. Moreover, the impression cytology and brush cytology samples can also be used to perform immunohistochemical staining, enzyme-linked immunosorbent assay, flow cytometry, and mRNA expression analysis. 9, 10, 29, 30 Therefore, they are also useful to monitor the pathologic progress in cGVHD-related dry eye disease and helpful for investigating the etiology of cGVHD-related dry eye disease.
In this study, we used the tear evaporimetry, MG expression examination, impression cytology, and brush cytology to give a comprehensive evaluation of the changes of ocular surface and tear functions in patients with cGVHD-related mild and severe dry eye disease, and compared the results with healthy controls and post-HSCT patients without dry eye disease. According to the findings in this study, we speculated that the extent of the inflammatory process seems to have a pivotal role in the outcome of cGVHD-related dry eye disease with changes in tear evaporation, CS and GCD acting as determinants of the differences of the ocular surface healthy status.
In conclusion, our present data provide the baseline data of each type of dry eye disease associated with cGVHD using these methods. These data are also useful for future therapeutic evaluation. 
